Abstract: Capturing braking energy by regeneration into an onboard energy storage unit offers the potential to reduce significantly the fuel consumption of vehicles. A common technique is to generate electricity in the motors of a hybrid electric vehicle when braking, and to use this to charge an onboard electrochemical battery. However, such batteries are costly, bulky, and generally not amenable to fast charging as this affects battery life and capacity. In order to overcome these problems, a mechanical energy storage system capable of accepting and delivering surges of power is proposed and investigated. A scale physical model of the system, based around a flywheel, a planetary gear set, and a brake, was built and operated in a laboratory. Tests showed that the proposed system could be used to store and provide braking energy between a flywheel and a vehicle, the latter emulated by an air-drag dynamometer. This validated the operating principle of the system and its computational model. Further, a computational analysis of a full-size vehicle incorporating the mechanical energy storage system was conducted. The results showed that the utilization of this system in a vehicle, when compared with a conventional vehicle, led to reductions in emissions and fuel consumption.
INTRODUCTION
Hybrid electric vehicles (HEVs) are becoming familiar as vehicles able to operate with the comfort and performance typical of vehicles with conventional transmissions (henceforth called conventional vehicles). They offer two attractive features when operating in urban environments: significant reduction in fuel consumption coupled with low emissions. The powertrains in these vehicles typically consist of an internal combustion engine, to provide baseline drive power, and batteries with electric motors to provide acceleration assistance, low-speed drive, and braking energy recovery [1] . Their improved performance is due to a number of factors but, critically, the powertrain is able to operate in conjunction with a secondary power source (the battery and associated motor-generators). This secondary power source allows the engine to operate more efficiently and protects it from the worst transient power demands. The engine can also be turned off and seamlessly restarted. In addition, there is the capability partially to store regenerative energy [2] [3] [4] .
Given the performance shown by HEVs, manufacturers present them as an alternative to conventional vehicles; however, their high cost relative to the savings in fuel consumption is undermining their commercial viability. The cost differential with conventional vehicles is to a degree given by the addition of a particular element in the powertrain: the batteries and associated power converter, which are the typical secondary energy storage means of HEVs. Despite great efforts by researchers and manufacturers, the cost of state-of-the-art batteries suitable for vehicular application is still high [5] [6] [7] . *Corresponding author: School of Engineering and Mathematical Sciences, City University, London, EC1V 0HB, UK. email: k.pullen@city.ac.uk
Apart from their cost, batteries also suffer technical drawbacks such as low power-to-weight ratio, low energy density, high demand for temperature control, and uncertainty of lifetime with vehicular usage [8, 9] . Given that HEVs require batteries, the question was raised whether it was possible to use some other type of secondary energy storage. The answer was the use of a high-speed flywheel. The use of flywheels in hybrid vehicles has been proposed by a number of workers [10] [11] [12] [13] , but typically this involves the use of a motor-generator to transmit power to and from the flywheel. This type of system carries a substantial efficiency penalty, owing to the mechanical-electrical-mechanical energy conversion required. A different approach is to use a mechanical transmission, giving rise to the concept of the mechanical hybrid vehicle (see Fig. 1 ). This approach is characterized by the ease with which it can be implemented in a conventional vehicular powertrain. Of the few studies found in the literature on flywheel-based mechanical transmissions, these require substantial modifications to the powertrain and are oriented to the use of the flywheel to enhance engine operation. For example, for the hybrid powertrain built by the Swiss Federal Institute of Technology [14] , the flywheel is used to supplement engine power output during periods of high power demand but the capture of braking energy can be maintained for only a short time. Similarly, in the hybrid transmission developed at the University of Eindhoven [15] [16] [17] the flywheel is used to boost power and to protect the engine from low part-load efficiency operation, with only limited regenerative braking being attempted.
This paper discusses the operating principle of a mechanical energy storage system capable of capturing a major portion of the available regenerative energy. It presents experimental validation of the system, and discusses two possible implementations of the system in a conventional vehicle. The performance of the resulting hybrid vehicles is then assessed with a computer model.
THE MECHANICAL ENERGY STORAGE SYSTEM
Given that the mechanical energy storage system was designed to avoid substantial modifications to a conventional powertrain, its design is kept as simple as possible and it is integrated in parallel with a conventional transmission and engine. The major components of the system are a mechanically coupled high-speed flywheel as an energy storage unit, and a planetary gear set (PGS) used as a power flow controller and transmission element.
Two powertrain version systems incorporating the mechanical energy storage system and the PGS, shown in Fig. 1 , will be discussed in this article.
1. The brake-only system, which uses a mechanical brake at the ring gear of the PGS to control power flow. 2. The continuously variable transmission (CVT)-brake system, which adds a CVT to the brake-only system between the PGS and input shaft, thus extending the range of operation of the energy storage system.
The flywheel is based on an actual design developed by Shah [18] . This is a 0.11 kg m 2 state-of-theart flywheel made of a multi-layered helical wound carbon fibre. The flywheel is operated under vacuum conditions maintained with the aid of non-contact magnetic fluid ring seals. It was successfully tested spinning in vacuum at a speed of up to 22 000 r/min. The flywheel's angular velocity is independent of the vehicle's speed and it can vary from zero to tens of thousands of revolutions per minute. This requires high-and continuous-speed variations to couple the flywheel mechanically with the vehicle's final drive, which can be accomplished by a twostage PGS. The operation of this device will be explained in detail in section 2.1. The high speed of the flywheel is one of the most important characteristics of this system. For example, in the powertrain proposed by the University of Eindhoven, the flywheel operates at a low speed because it interacts directly with the engine; in contrast, the system proposed here operates directly in the final drive with a flywheel running at a high speed independently of the prime propulsion unit used in the vehicle.
As shown in Fig. 1 , the planet gears of the first stage are coupled to the input shaft coming from the wheels (henceforth denoted as the carrier branch), the sun gear of the second-stage is coupled to the flywheel (henceforth denoted as the sun branch), and the ring gear, common to both stages, is connected either to a frictional brake or to a brake and CVT system. The elements connected to the ring branch will exert control of power flow through the system.
Both hybrid powertrains have the same modes of operation, which are as follows.
1. Regenerative braking. In this mode, the flywheel captures kinetic energy from the vehicle as it decelerates. 2. Flywheel-assisted acceleration. In this mode, energy withdrawn from the flywheel is used to accelerate the vehicle. 3. Neutral. In this mode, the components of the system rotate freely without any transfer of energy between the flywheel and vehicle taking place.
Since the energy storage system is installed in parallel with the conventional powertrain, the hybrid vehicle retains the full capabilities of a conventional vehicle. To accomplish this mode of operation, the hybrid powertrain would simply operate in neutral mode.
Principle of operation of the planetary gear set
At the heart of the hybrid powertrain is the PGS, which controls energy flow between the flywheel and the vehicle. This type of transmission is commonly used where a high ratio of reduction is required in a compact space [19] . A PGS was selected instead of a single CVT as it provides superior ratio coverage and efficiency [20] , while providing the continuous transmission ratios of CVTs. This variability is achieved because planetary gear boxes are systems with two degrees of freedom. Such operation is related to the speed equilibrium of the branches for the PGS, whose governing equation is given by [21] 
where v C , v R , and v S are the speeds of the carrier, ring, and sun respectively, and A and B are constants of the PGS that describe the kinematics of the branches; the constants for A and B in equation (1) of the two-stage PGS are given by
where S and R are the numbers of teeth of the sun and ring gears respectively, and the subscripts 1 and 2 refer to the first and second stages respectively of the PGS. Equation (1) implies that, for any given combination of sun (flywheel) and carrier (vehicle) speed, there is a critical equilibrium speed at which the ring will rotate. If the ring speed is forced to vary, energy transfer will occur and the speed of the sun and carrier will vary to comply with the equilibrium speed in the gearbox. This kinematic relationship can be pictured using a nomogram in which the carrier speed always lies on a line of value x 5 0, the ring speed lies on a line of value x 5 2B, and the sun speed lies on a line of value x 5 A. With this arrangement, for a given speed of any two branches, the speed of the third branch can be established by observation.
By way of example, Fig. 2 illustrates the equilibrium speed for a PGS with A 5 0.9 during regenerative braking. It can be seen that, as the ring and carrier (vehicle) decelerate, the sun (flywheel) accelerates, maintaining the linear kinematic relationship as defined in equation (1) . This relationship will be valid for both versions of the hybrid powertrain.
The energy flow through the system can be explained by considering the torque equilibrium in the gearbox. Acting torques in a PGS can be calculated from the torque of one of its branches. Given a known torque T C in the carrier, the torque T R in the ring and the torque T S in the sun are given by [21] T R~{ AT C ð4Þ
Equations (4) and (5) indicate that, for a given torque in the carrier, there is an opposite and proportional torque in the ring and the sun. The flow of energy between particular components is determined by the direction of the torque and rotational speed at each branch. The convention used in this article is that having both speed and torque in the same direction indicates energy entering the PGS; conversely, opposite directions indicate energy leaving. It is therefore possible to control power flow in the system by applying a torque in the ring. This can be shown by examining in detail the modes of operation of the hybrid system. During the regenerative braking mode, as shown in Fig. 3 , all branches of the PGS rotate in the same direction. In this state, a torque opposite to the speed is applied at the ring so that it decelerates. Given the combination of torque and speed, energy flows from the carrier to the sun and ring, thus transmitting part of the kinetic energy of the vehicle to the flywheel. By inspection of Fig. 2 it is evident that, as the flywheel is charged with energy, the ring will reach a rest position before the vehicle (carrier) comes to a standstill. Thereafter no more regenerative braking can take place and conventional brakes are used for the final braking of the vehicle.
Once the flywheel has been charged with sufficient energy to accelerate the vehicle, it is ready to deliver power via the PGS and to accelerate the vehicle (Fig. 4) . With the vehicle initially at rest and the flywheel spinning at high speed, the critical speed of the ring will be in a negative direction (as shown by the darkest line in Fig. 2 ). The flywheel-assisted acceleration mode is initiated by again applying a torque in the ring to decelerate it. With the combination of torques and speeds (as shown in Fig.  4 ), energy will transfer from the sun to the carrier, causing the vehicle to accelerate with energy from the flywheel.
During neutral mode, no torque is applied at the ring and it therefore rotates at whatever equilibrium speed is required, given the speeds of the flywheel and vehicle. In this mode there is no transfer of energy between any of the branches.
Both systems studied use the same principle in controlling energy flow but the application of the control torque in the ring branch of the PGS is what differentiates them.
Equations of the brake-only powertrain version
The brake-only system uses a friction brake at the ring of the PGS, as shown in Fig. 1 , to apply the necessary torque to control energy flow in the system. It is therefore only capable of decelerating the ring, which means that it must be rotating in a positive direction (as defined in Fig. 2 ) when in regenerative braking mode and in a negative direction when in flywheel-assisted acceleration mode. This brake has no special requirements apart from being robust enough to dissipate the required energy. The performance of the PGS follows equations (1) to (5) . However, the losses at the gearbox should also be included by accounting for its efficiency g GB . The torque loss T S_loss at the sun and the torque loss T R_loss at the ring are calculated, depending on the direction of energy flow, as follows. During regen- 
During flywheel-assisted acceleration (T C , 0)
Given the inclusion of these torques, the equilibrium for the transmission should comply with
Therefore, the torques at the sun and ring should be calculated with the inclusion of the mechanical efficiency as presented below. During regenerative braking (T C . 0)
The speed of the flywheel is based on the rotational equation of motion, which states that, given a torque T fw_shaft on the shaft of the flywheel
where Dv fw , I fw , and T fw_loss are the change in speed, the inertia, and the torque losses of the flywheel respectively. For this equation, T fw_shaft equals T S , but with the opposite sign to match torque equilibrium.
Equations of the CVT-brake powertrain version
The CVT-brake powertrain version consists of the same components as the brake-only version, but with the addition of a CVT. The addition of this mechanical component allows transmission of energy via the CVT branch after the ring has been stopped by the brake, thus extending the range of utilization of the system and contributing to reduction of ring brake losses. Therefore, when the CVT is not operating, equations of section 2.2 apply. During CVT operation, the equations shown in this section apply. Figure 5 shows the nomenclature used for describing the system. In this case the torque T Shaft at the main input shaft is split into the torque T C at the carrier and the torque T C_CVT at the CVT branch. The torque T S at the sun and the torque T R at the ring are determined by the gear ratio of the PGS. The speed v C at the carrier, the speed v R at the ring, and the speed v S at the sun together with the torques determine the power flow in the CVT and gearbox. Ignoring powertrain losses, power equilibrium at the PGS is given by
while at the CVT power split it is given by
where
The overall power equilibrium between the input and the output of the mechanical hybrid powertrain is confirmed by combining equations (16), (17) , and (18) and noting that The mechanical hybrid vehicle
Therefore, the power transmitted through the CVT branch is found by solving equations (16) to (18) for a given initial speed at the flywheel. These equations need to be modified to account for the existence of losses in the mechanical components of the system. Table 1 presents the full set of equations for the system (with reference to Fig. 5 ).
With reference to the equations displayed in Table  1 , incorporation of the losses at the CVT branch correlates the power through the CVT branch using
which, combined with equation (17), gives, for flywheel-assisted acceleration
also equally, for regenerative braking
with the power equilibrium at the PGS during flywheel-assisted acceleration being given by
and, during regenerative braking, by
Therefore, the solution of the variables at the system was achieved by solving, by means of successive iterations, equations (33) to (36) given a power demand or supply at the main shaft and an initial speed at the flywheel.
EXPERIMENTAL VALIDATION OF THE MECHANICAL ENERGY STORAGE SYSTEM

Physical scale test bed
To validate the principle of operation of the proposed system, a test bed was developed to simulate the brake-only version described above. This configuration was chosen for the simplicity of its set-up and ease of its control system, thus allowing for a simple system in which to test and study the kinematic behaviour of a flywheel-PGS system. The test bed and instrumentation used are shown in Fig. 6 . The main components are as follows.
1.
A high-speed flywheel, made of mild steel with a diameter of 218 mm and variable thickness ranging from 20 to 65 mm, giving an inertia of 0.11 kg m 2 , operates at atmospheric pressure and, although it has significant aerodynamic torque T, speed v, gear ratio GR, velocity ratio VR, and efficiency g at the components which are correlated with a subscript that depends on the mechanical component to which it refers. The numbers in the figure are correlated with the locations indicated in Table 1 losses, it is adequate to prove the operational principle of the energy storage unit. Rotational speed measurements were taken for all the branches of the PGS: ring, carrier (same as dynamometer), and sun (same as flywheel). The torque in the carrier branch was also measured.
These measurements were then analysed and compared with predictions of a computational model developed in house to emulate the behaviour of the hybrid powertrain. This model uses the equations presented in section 2.
Experimental results and comparison with the computational model
The purpose of the test bed was to validate the mathematical model by proving that kinetic energy from the dynamometer could be transferred to the flywheel, and vice versa, by controlling the speed of the gearbox's ring. To do this, the dynamometer was subjected to a driving cycle consisting of three acceleration-deceleration periods. On each of those periods, the brake-only power train was used to store kinetic energy in the flywheel. Figure 7 (a) shows a test with the flywheel initiating from rest, whereas Fig. 7(b) shows the same cycle, but initiating with the flywheel already charged. The aim of the first test (see Fig. 7(a) ) was to validate the regenerative braking principle: thus it was conducted with the flywheel starting from rest. The dynamometer was initially accelerated with the motor emulating conventional acceleration with an internal combustion engine (period CA), and subsequently the brake at the ring was applied to provide regenerative braking (period RB). Using this method, the flywheel was accelerated from a rest position to a speed of 45 rad/s, validating the principle of the use of a PGS to transfer kinetic energy from the vehicle to the flywheel.
The test proved that regenerative braking using a flywheel and a PGS was possible by simply decelerating the ring branch of the PGS.
The second test (shown in Fig. 7(b) ) was designed to validate the hybrid vehicle's full operating cycle, which includes periods of flywheel-assisted accelera- 
5 Between the output of the CVT and the main shaft
6 Between the main shaft and the final drive
*During regenerative braking, the energy flow is reversed; thus the efficiency shown in the equations for torque is the inverse of the efficiency of the flywheel-assisted acceleration for each element.
The mechanical hybrid vehicletion, conventional acceleration, regenerative braking, and conventional braking. This test was initiated with the flywheel already charged, spinning at 343 rad/s (3280 r/min), to ensure that sufficient energy was available to accelerate the dynamometer. Subsequently, transfer of energy between the flywheel and dynamometer was achieved by using all the available modes of the mechanical hybrid vehicle. In order to validate the computational model, the torque and speed measurements of the dynamometer were loaded into the computer model and full simulations of the experiments were carried out. These simulations included estimates of transmission losses of the PGS, as well as windage and bearing losses of the flywheel.
The calculated angular speed v fw and experimental angular speed v fw_exp of the flywheel are shown in Fig. 7 and serve as the basis for the validation of the model. By inspecting Fig. 7(a) it can be seen that the computational model of the system effectively simulates the transference of energy from the dynamometer to the flywheel every time the system was used in regenerative braking mode. Flywheel losses, clearly seen when the system operates in neutral, are also correctly predicted. By inspecting Fig. 7(b) , it can be seen that the same performance was seen in the second test. In this case, the acceleration and deceleration of the flywheel were properly simulated every time that the energy storage system was in operation.
It was therefore concluded that a satisfactory numerical simulation was achieved from the simulation of the experimental tests, at both low and high flywheel speeds, thus validating the computational model. 
SIMULATION OF A FULL-SIZE MECHANICAL HYBRID VEHICLE
Computer simulations of a conventional vehicle and the two versions of the mechanical hybrid were performed for urban and extra-urban driving cycles, using a computational model of a Ford Focus Estate, developed by Diego-Ayala [22] and North et al. [23] .
In this model, steady state engine maps with correction for engine warm up were used. To assess the hybrid vehicle under city driving conditions, three widely accepted driving cycles were selected: the ECE cycle [24] and the Artemis urban and Hyzem urban cycles [25] , whose main data are shown in Table 2 .
The conventional vehicle model
The vehicle utilized for the tests was a 1999 model year Ford Focus Estate with a 1.8 L turbo diesel engine. Its main characteristics are summarized in Table 3 .
The hybrid vehicle models
The brake-only version hybrid vehicle model
The brake-only hybrid vehicle is obtained when the brake-only system is integrated in parallel to a conventional powertrain. The main characteristics of the hybrid vehicle and its mechanical energy storage system are shown in Table 4 . The value of the efficiency of the gearbox between carrier and final drive, which is used to solve equation (31), was set as a constant for simplicity.
The efficiency map of the PGS and the flywheel losses are shown in Fig. 8 . The efficiency map of the PGS was developed on the basis of existing maps from Advisor, whereas the flywheel's losses map, including bearing friction and windage losses, was developed on the basis of experimental tests performed by Shah [18] . These values change dynamically as the simulation runs.
The hybrid vehicle will operate based on the speed of the sun (flywheel), ring, and carrier (vehicle) and the torque demanded at the final drive.
The effect of the flywheel speed on the operation of the hybrid system depends on the three following pre-established values:
(a) the flywheel maximum speed: the maximum safe operating speed of the flywheel; (b) the flywheel minimum speed: the speed below which the flywheel will stop assisting an acceleration; (c) the flywheel minimum operating speed: the minimum speed required before the flywheel initiates an acceleration assistance of the vehicle.
The magnitudes of these parameters are shown in Table 5 .
Depending on the speed of the flywheel and the operating state of the hybrid system, the engine will be turned on and off as required. If the engine is off and the vehicle is being accelerated with the flywheel, the engine would start with the starter motor. Since the flywheel-assisted acceleration of the vehicle will occur during a few seconds, the control system will have time to start the engine before it is required to take over from the flywheel's vehicle propulsion.
The control strategy implies that, as long as the flywheel rotates below its minimum speed, the engine remains on and the energy storage system may only operate in neutral or in regenerative braking mode. The engine may only turn off once the flywheel has sufficient energy to accelerate the vehicle adequately (minimum operating speed) and the system is in a state where it may immediately operate in flywheel-assisted acceleration mode. 
CVT-brake version hybrid vehicle model
The CVT model was designed in accordance with CVTs typically found in automotive applications. The speed ratio of the output to input shaft of the model is between 0.4 and 2.5, which falls within the typical limit values [26] [27] [28] [29] . The range of operation and efficiency of the CVT was emulated by means of an efficiency map (Fig. 9 ) based on the results presented by Soltic and Guzzella [29] . This map is an efficiency map for a dry belt variator, including a hydraulic system. Since the efficiency is given by the instantaneous speed ratio and torque required, the value of g CVT to solve equation (27) changes dynamically as the hybrid vehicle follows the drive cycle. The CVT will not be able to operate outside a velocity ratio between 0.4 and 2.5, unless it is operating together with the clutch. Zero-load losses for the CVT were not included in the model. The model of the clutch was designed to operate in similar fashion to a conventional clutch. When it is decoupled, both sides of the clutch are free to rotate in any direction and there is no transmission of energy. When it is slipping, one of the elements will apply torque to the other element in the same direction, eventually spinning it to the same speed. This operation does not require special characteristics; thus a wet-plate clutch would be sufficient to provide the desired effect in the transmission. The efficiency of the clutch is dependent on its speed ratio and it is taken to be 0.98 when fully coupled. An efficiency of 0.98 is also taken for the remaining mechanical components of equations (21) to (30).
Simulation results and discussion
The performance of the brake-only and CVT-brake hybrids following the urban Hyzem cycle and can be seen in Figs 10(a) and (b) .
By inspecting the flywheel speed, it is evident that there is an intermittent transfer of energy between the carrier (i.e. the vehicle) and the flywheel as the vehicle is driven. The figures also show that the flywheel accelerates the vehicle shortly after it is charged with energy. This suggests that the performance of the system tends to maximize the reutilization of braking energy as the vehicle is driven. Table 6 shows the fuel economy achieved by the conventional, brake-only, and CVT-brake vehicles over the three driving cycles used, as well as the vehicle's CO 2 emissions [30] . As expected, the lowest fuel economy is achieved by the conventional vehicle for all the driving cycles, with the CVT-brake hybrid enjoying higher gains in fuel economy than the brake-only hybrid for all driving cycles. Table 6 presents a breakdown of the energy losses for all the vehicle configurations and driving cycles. (-) 0.022 Gear ratio of the carrier to the final drive (-) 0.5 Gear ratio of the carrier to the CVT out (-) 2 Gear ratio of the ring to the CVT in (-) 2 When a value is not reported, it does not apply to that particular powertrain configuration. Given the control strategy defined for the mechanical hybrid system, the engine intermittently turns on and off as the vehicle is being driven. This gives, as a result, a reduction in fuel consumption when compared with a conventional vehicle, despite an increase in vehicle mass. This improvement is due to both the reuse of kinetic energy recovered when braking and the ability to switch off the engine.
Indeed the results suggest that the hybrid vehicle will achieve its highest potential in driving conditions requiring frequent stops (such as is encountered in city driving conditions), as the hybrid vehicle will repeatedly regenerate the vehicle's kinetic energy during braking and use the flywheel to accelerate, thus providing more opportunities for the vehicle to switch off the engine when the mechanical energy storage system is operating.
The greater fuel economy benefits were found in the Artemis urban cycle, which is the cycle with the highest number of stops and the most severe decelerations, as shown in Table 6 . The brake-only hybrid exhibited an improvement of 11.3 per cent in fuel economy for this cycle, which compares unfavourably with the CVT-brake system with a predicted saving of 25.7 per cent. Since regenerative braking and assisted acceleration require the application of the brake at the ring for the brake-only version, a considerable amount of energy is lost in the friction element. Furthermore, the mechanical energy storage system can only operate by braking the ring of the PGS and so its operability is greatly reduced.
As shown in Table 6 , losses at the ring of the PGS are diminished in the CVT-brake version by using the CVT to provide the necessary torque at the ring of the PGS and using it at the same time as a transmission element. The CVT also increases the operability of the mechanical energy storage system as it can function by either decelerating or accelerating the ring of the PGS. The advantages of including the CVT in the system are clear as there is a consistent reduction in the heat released by the conventional brakes, and more importantly a consistent increase in the amount of time that the energy storage system operates, greatly increasing the time that the engine is switched off. In addition, the operation of the energy storage system during initial acceleration is also of great importance as the flywheel is able to provide a higher power than the engine. This effect is also beneficial for the hybrid system, because having a high power available from the flywheel could justify a downsizing of the engine, which would even further increase the benefits of the hybrid system. Therefore, the conclusion of this study is that the installation of the mechanical energy storage system in a conventional vehicle would potentially improve fuel economy and reduce emissions, but that its performance is greatly affected by the drive cycle in which the vehicle is driven. However, if the drive cycle profile is typical of city driving, with, for example, a low average speed and continuous stops, it is likely that the overall efficiency of the hybrid vehicle would be enhanced and emissions be reduced. However, to avoid recirculation of power on the CVT-brake version hybrid, the operation of the CVT is restricted to the periods in which the ring of the PGS is negative, affecting the number of periods in which the system may operate. The optimization of this system is recognized as a potential area of opportunity for further improvement in the mechanical hybrid powertrain.
CONCLUSIONS
The operating principle of the mechanical energy storage unit has been described and its operational principle tested in an experimental test bed. It has been demonstrated that the unit is able to capture, store, and provide energy as demanded, proving the potential of this technology for hybrid vehicles.
A computational model of the system has been validated against the experimental results, and it has been shown that it is an appropriate tool for assessing the performance of the energy storage unit on a hybrid powertrain. The numerical simulations of the performance of a conventional vehicle and Table 6 Simulation results and breakdown of energy losses for the conventional, brake-only hybrid, and CVT-brake hybrid vehicles two different versions of a mechanical hybrid vehicle have been carried out with this model. Fuel economy improvements of 11.3 per cent for the brake-only version and of 25.7 per cent for the CVT-brake version were predicted for the Artemis urban cycle. It was found that the implementation of such a hybrid system is better suited to vehicles that will operate in heavily congested traffic, since continuous stops and starts are advantageous for the recovery and re-utilization of energy.
One particularly attractive feature is the ease by which a conventional powertrain can be adjusted to add hybrid capability. Unlike other forms of hybrids, this mechanical hybrid vehicle can be obtained by simply adding the mechanical energy storage system to a conventional powertrain; therefore the hybrid system can also be considered to be a 'bolt-on' hybrid. No cost analysis has been carried out for the proposed design; however, it is likely that the cost of its mechanical components will be substantially lower than the electrical components currently used in HEVs. 
